omy with accurate representation of atherosclerotic plaque dimensions in vitro. 1-1° In addition to the ability to measure plaque size, IVUS image patterns may correspond with the ,composition of atherosclerotic plaque defined by histologic findings. 2, 3, s, 11-14 IVUS is also used as a guide for interventional strategies such as balloon angioplasty, directed or rotational atherectomy, and stent deployment. [15] [16] [17] [18] [19] Because these interventions respond differently to various tissue components, 15 understanding the mechanical properties of the plaque may be useful in choosing an interventional strategy. Biomechanical properties of atherosclerotic plaque are determined by the composition of the tissue and its spatial distribution in the plaque. 2°, 21 By the process of tissue characterization, IVUS may distinguish calcification, fibrosis, or fatty plaque; IVUS may therefore be able to predict the mechanical properties of atherosclerotic plaque. 22 Previous studies comparing the echogenic patterns of IVUS images with histologic plaque composition distinguished three types of echo patterns and their tissue counterparts: hypoechogenic areas that correspond to lipid-laden zones, echo intensity that is equal to or greater than the reflections from surrounding adventitia and corresponds to fibrous tissue, and intense echogen~Lc structures with acoustic shadowing that correspond to calcification on histologic examination. 2,3,s, 11-14 When describing the echogenicity of IVUS images, some authors use a convenient shorthand by referring to the IVUS 
METHODS
Human artery specimens. Thirty-three human iliac arteries approximately 5 cm in length were excised from 18 patients (aged 21 to 85 years) at necropsy in the Orange County Coroner's Office. Because the specimens were obtained from the coroner's office, no clinical information was available. The specimens were immediately preserved in normal saline in a refrigerator. Arteries with visible distortion, surface fracture, overlying thrombus, or large side branches were excluded. To quantitate the relative stiffness of physically soft tissue, six samples of pure adipose tissue from subcutaneous areas were also obtained. To enhance the measurement accuracy, iliac artery plaques were selected to provide large and flat specimens that approximated the size of the platen on the mechanical compression device.
IVUS imaging studies. At the time of ultrasound imaging, the arteries were not preserved in formalin. An 8F guiding catheter was inserted into the proximal end of the vessel, and normal saline was perfused at 100 mm Hg at room temperature. an optimal portion of atherosclerotic plaque that provided no significant change in tissue composition or structure within at least a 1 cm length of the artery. Surgical needles were then sutured into the arterial wall opposite the plaque of interest and at the ,:enter of the arterial segment of 1 cm length. The needles served as acoustic and physical references to compare the same cross-section among IVUS imaging, mechanical testing, and histologic examination. The images were optimized under visual inspection by manipulating the system settings. The gain settings were determined with the intent of maximizing image morphologic characteristics without excessive dropout, not saturating adventitial intensity, and minimizing noise. On the instrument used in this study, the ramp setting is constant and cannot be varied. Care was taken to position the catheter centrally and coaxially. The images were stored on S-VHS videotape and interpreted by two investigators without any knowledge of the histologic or mechanical test :results. The images of arterial wall were classified into four categories of tissue type on the basis of their appearance by IVUS (Fig. 1) . (1) Normal or minimally diseased arteriLal wall (n = 9): defined as an intact arterial wall with a three-layer appearance with inner and outer bright signals separated by a hypoechogenic layer. (2) Bright echogenic plaque with acoustic shadowing (n = 10): defined as an area of high echo intensity, greater than the adventitia, with acoustic shadowing peripherally. area of low echo intensity (black or speckled grey and black regions). The arterial images with the needle acoustic reference were digitized with a frame-grabbing board (RasterOps 24STV with software by MediaGrabber, Santa Clara, Calif.) into a Macintosh IIci computer. An on-screen image analysis application (NIH image) was used to measure an objective intensity index for each plaque. The intensity index (II) was calculated as: II = (Iplq -Ibkg)/(Iad -Ibkg), where Iplq was the average videointensity of the plaque, Ibkg was the average background videointensity, and Iad was the average videointensity of the adventitia. The background intensity was obtained from an ultrasound image without an artery in place at the approximate position where plaque would be and with the same system settings. The videointensity had a gray scale of 256 levels on a 640 x 480 pixel display.
Mechanical testing.
Mechanical testing was performed within 24 hours after IVUS imaging. The arteries were incised longitudinally along the wall opposite to the plaque, and the cut ends were laid open. A sharp-margined circular stamp bit with a 7 mm diameter (Hollow Punch Set Model 6PC, ToolShack, Long Beach, Calif.) was used to punch out the plaque area of interest. If the punched-out plaque was visually nonuniform, the artery was excluded from study. Except for the normal or minimally diseased arterial wall segments, the plaque was dissected free from the media and adventitia. Both the normal or minimally diseased arteries determined by IVUS and adipose tissue were used in this study as reference to compare their mechanical properties with the atherosclerotic plaques.
An ultrasensitive, servo-controlled mechanical compression ergonometer with a uniaxial displacement resolution of 10 pm (Model 360 ergonometer with Model 310 servo controller, Cambridge Technology Inc, Watertown, Mass.) was used to obtain the stress-strain relation for each tissue. The plaque segment was bathed in room-temperature normal saline and held between the flat hard bottom of the bath and a 7 mm in diameter cylindrical hard plastic platen that was connected to the ergonometer (Fig. 2) . Compression of the plaque was uniaxial and perpendicular to the plaque surface. As the platen was advanced on the specimen, the starting point initial thickness was defined as the thickness that yielded a distinct compression force. The compression force was measured with a resolution of 1 gm after the platen compressed the specimen with an incremental length of 50 to 100 ~m up to 50% to 95% of initial thickness. The compression force initially generated a peak value, after which the force decreased and reached a static equilibrium (creep) (Fig. 3) . The equilibrium was defined as the point in time when the change in force was <2% of the final equilibrium force.
The static equilibrium force in grams was divided by the surface area of the plaque to obtain the radial stress (kpascal) of the plaque. The strain (AL/L) was calculated as the value of incremental change in thickness divided by the initial thickness. The measurements were stopped when the plaque showed evidence of mechanical destruction such as cracks, oozing of the lipid component around the tissue, or when the generated force went off scale.
Histologic study. After IVUS imaging and mechanical
testing, the punched-out artery specimens were fixed in 10% formaldehyde for at least 24 hours, embedded in paraffin, and processed for histologic examination. The specimens were stained with Masson's trichrome stain and hematoxylin-eosin. To compare the histologic classification with the ultrasound descriptors, a simplified three-category histologic classification was generated. (1) Calcified plaque: plaque with continuous calcification >50 ~im. 12 (2) Fibrous plaque: histologic areas of either fibroacellular, hypocellular, or fibrocellular matrix. (3) Fatty plaque: areas with a mixture of fibro-fatty tissue.
Statistics. Values were expressed as mean _+ SD. Analysis of variance with the Bonferroni post hoc test was used to compare the mean values among groups. The nonlinear relation between stress and strain was analyzed by the least square method fit to an exponential curve. In these analyses, p < 0.05 was considered significant.
RESULTS
Nonlinear stress-strain relation. Thirty-three specimens were available for complete analysis. The mean initial thickness of the specimens was 1.7 _+ 0.4 mm (range 0.9 mm to 3.1 mm). The peak static stress obtained was 67 _+ 68 kPa (range 2 to 340 kPa). Fig.  4 shows an example of the stress-strain relation for each group of specimens. The stress-strain curve for all the specimens had no linear portion but were well fitted (r > 0.97,p < 0.05)to exponential curves: Stress (kPa) = Ce K(straln) -1, where K represents the uniaxial compression stiffness constant, and C = 1 kPa. The objective echo intensity index significantly correlated with the stiffness constant for all the combined groups (bright echogenic with or without shadowing and hypoechogenic plaques, r = 0.71, p < 0.0005), but a large overlap between hypoechogenic plaque and bright echogenic plaque without shadowing existed (Fig. 5) .
Histologic validation. Table II illustrates the accuracy of the IVUS descriptors in identifying the composition of atherosclerotic plaque compared with histologic examination. Calcified plaque was detected with high sensitivity (91%), but discrimination between fibrous and fatty plaque on the basis of intensity of the echo signal was not very accurate (sensitivity 50% and 40%, respectively). Table III shows the mean stiffness constants for the plaques when they were segregated by their bistologic classification. Although the stiffness constant was significantly higher for calcified plaque, fibrous plaque and fatty plaque did not significantly differ. All the samples of apparently normal arteries by IVUS had histologic evidence of minimal intimal hyperplasia, but the intimal thickness of each specimen was <150 pro.
DISCUSSION
The major findings of this study are (1) the stressstrain relation of peripheral arterial plaque is non- Lee et al. 22 examined the relation between the static stiffness and echogenicity of aortic plaque with a linear model of stress-strain with Young's modulus. They found that the IVUS appearance of calcified plaque was related to its biomechanical properties, but their data showed no definitive discrimination in mechanical behavior between fibrous and nonfibrous tissues as defined by IVUS. They used a linear stress-strain model with a constant stress applied to abdominal aortic plaque; despite these differences in technique, their data is consistent with ours.
Several reasons for discordance between echogenicity and tissue composition may exist. Atherosclerotic plaque is frequently composed of various kinds of tissue that may be intermingled in a complex way, which could produce acoustic impedance mismatches inside the plaque. 36 Therefore the presence of lipid or collagen fiber does not always correspond to the overall echo intensity of the plaque. 37 The lower sensitivity of IVUS compared with histologic examination in discriminating fibrous and fatty tissue has been corroborated by previous histologic validation studies . 11,14, 3s, 39 Another cause for disparity between plaque composition and IVUS characterization is interobserver variability of image interpretation. In a previous study, an assessment of tissue characterization showed only a moderate amount of agreement between two observers (K = 0.68). 39 As shown in Fig. 5 , some plaques identified by one observer as showing bright echogenicity (defined as an intensity of the plaque >-adventitia) did not have an echo intensity index ->1.0 when the echo intensity was objectively measured by the brightness of the pixel gray scale. In addition, presentation of the same arterial cross section varies significantly among the available IVUS systems (K = 0.52 between systems). 39 In this study, even when the tissues were classified by histologic examination, fatty plaques were as firm as fibrous plaque, and both were firmer than pure adipose tissue. Several reasons for this overlap in the stiffness among groups may exist. First, the content of firm material such as collagen varies among plaques. Second, even fatty plaques consist of a matrix of collagen fibers, cells, and lipid, as demonstrated in Fig. 6 . The greater specimen-to-specimen variability in stiffness of calcified plaques compared with noncalcified plaque is probably from variability in the degree of calcification within the plaque.2 ° The minimally diseased entire arterial wall had a similar mean stiffness constant compared with isolated fibrous plaque from the adventitia that was left in place for the normal wall controls.
In conclusion, IVUS predicts the mechanical resistance to compression ofatherosclerotic plaque and distinguishes whether the plaque contains calcium. However, this capacity is limited in discriminating between fibrous and fatty plaques. This limitation is caused by (1) the complex mixture of fibrous and fatty components within the plaque, (2) interobserver variability in interpretation of IVUS images, and (3) variability in image representation among IVUS systems from different companies. 39 Therefore physical descriptors such as "soft echoes" or "soft plaque" may be misleading when interpreting IVUS images. A nomenclature such as "calcified or noncal-
